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Introduction
Most of the instruments for the measurement of viscosity require calibration and, for that purpose, certified reference liquids can be obtained commercially covering wide ranges of viscosity. Unfortunately, these viscosity standards are certified only for use at standard atmospheric pressure and their viscosities at high pressures are not generally available. There is therefore a need for fluids that can serve as viscosity reference standards at high pressures. In the oil industry, the viscosities of petroleum fluids are often measured under conditions of reservoir temperatures and pressures and, with ever deeper reservoirs being exploited, this necessitates calibration under similar conditions. The present work is aimed at establishing squalane as a viscosity reference material applicable at pressures to 200 MPa and at temperatures to 473 K.
The choice of a reference liquid involves several considerations. Ideally, it should be a single substance available commercially, with high chemical purity and at a reasonable cost. It should be chemically stable at the maximum working temperature, and should not be hygroscopic, toxic, nor excessively volatile. These requirements are difficult to satisfy even for a single area of application. However, for work on petroleum oils and similar applications, squalane appears to be a good choice as it satisfies all of the above criteria and has a viscosity of the order of 1 mPa s at T ¼ 473 K.
Recently, a correlation for the viscosity of squalane (C 30 10 Therefore, we have only used the 1995 measurements for the primary data set at 0.1 MPa with the exception of one density value at 273 K that is inconsistent with the rest of the data. We consider a datum to be inconsistent with the primary database when the residual is more than twice the standard deviation of the fit. The single measurement of Lal et al. 20 has been excluded, as this value was republished by Tripathi. 8 The data of Ciotta et al. 21 were also excluded as the measurements were made at much higher pressures and could not be safely extrapolated to 0.1 MPa.
The measurements of Dubey and Sharma, 14 Kuss and Taslimi, 17 and Graaf et al. 16 were excluded from the primary data set as they were of inferior uncertainties, 0.25%, 4.0%, and 0.5%, respectively. The measurements of Ref. 14 were republished by Dubey et al. 22 Hata and Tamoto 13 quote no uncertainty for their single measurement, and this was placed in the secondary data set. The data of Korotkovskii et al. 12 show a distinctively different dependence on temperature to those of all other investigators, and thus these have also been considered as secondary data. The single measurement of Sax and Stross 18 was also excluded, as insufficient information was given about the technique employed.
The remaining data 3-11 listed in Table 1 , all obtained with very low uncertainties, form the primary data set. We note that the measurements of Trusler et al. 3 are extrapolated along high-pressure isotherms to 0.1 MPa, though without any apparent increase of uncertainty.
Temperatures for all the data were converted to the ITS-90 temperature scale. 23 The primary data were fitted to an equation for the density, ρ 0 in kg/m 3 , as a function of the absolute temperature, T in K, as
Equation ( Table 2 summarizes comparisons of the primary data with the correlation. We have defined the percent deviation as PCTDEV ¼ 100(ρ 0,exp À ρ 0,fit )/ρ 0,fit , where ρ 0,exp is the experimental value of the density and ρ 0,fit is the value calculated from the correlation. Thus, the average absolute percent deviation (AAD) is found with the expression AAD ¼ (∑ j PCTDEV j)/n, where the summation is over all Table 3 indicates all the investigators who have measured the density of squalane above atmospheric pressure. Some of the investigations 3, 5, 7 that contributed to the primary data for the 0.1 MPa correlation also make up the primary data set here. In addition, the data of Kuss and Taslimi 17 are included as primary values as they cover a very wide pressure range. The densities from Trusler et al.
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3 at pressures lower than 2 MPa were also not considered as they are inconsistent with the remaining points on the corresponding isotherms. In the case of the measurements by Ciotta et al., 21 the densities at 303.18 K and 15.58, 35.79, 45.77, and 55.77 MPa, as well as at 348.13 K and 115.8, 145.9, and 175.12 MPa, were excluded, as they are inconsistent with the rest of that data set.
Temperatures for all data were converted to the ITS-90 temperature scale. 23 The primary data were fitted to a Tait equation for the density, ρ in kg/m 3 , as a function of the absolute temperature, T in K, and the pressure, p in MPa, as
where
In Eq. (2), the density at 0.1 MPa, ρ 0 , is obtained from Eq. (1). We note that the coefficient of 0.20 in Eq. (2) is in full agreement with previous correlations of the densities of nalkanes. 26 Equations (2) and (3) represent all the primary data from 273 to 473 K and up to 200 MPa. Table 4 summarizes comparisons of the primary data with the correlation. The average absolute deviation of the fit is 0.05%, the bias À0.004% and the expanded uncertainty at the 95% confidence level is 0.18%. 
The High-Pressure Viscosity Correlation
In a recent publication, 1 we proposed a reference correlation for the viscosity of squalane at 0. absolute deviation of 0.67%, and an expanded uncertainty (at the 95% confidence level) of 1.5%. Since that time, new measurements 2,3 have been published, allowing the extension of the reference correlation for both temperature and pressure.
In Table 5 , all the available measurements for the viscosity of squalane at high pressures are shown. Since the density correlation is valid between 278 and 473 K at pressures to 200 MPa, these limits also apply to the two viscosity correlations used in this work. The falling-body measurements of USC (from Comuñas et al.
2 ), which have an uncertainty of 5%, are considered as secondary data. In addition, the very high-pressure measurements of Bair 29, 30 are put in the secondary data set, as they show significant discrepancies from the results of all other investigators in the moderate pressure region considered in this work. The measurements of Hata and Tamoto 13 are also considered as secondary data, as no uncertainty nor purity were given. Finally, the older measurements of Krahn and Luft 31 and of Kuss and Golly 32 are put in the secondary data set as they show large deviations from the other sets. The remaining sets of data, all with uncertainties of less than 3%, form the primary data set. Given the temperature and pressure limits imposed by the density correlation, it can be seen that only two sets 2, 6 in Table 5 extend above the pressure limit of the present equation of state (200 MPa). Figure 6 shows the temperature and pressure coordinates of data points retained for the primary viscosity correlations. The T-p area of the primary viscosity data used is not rectangular. The reader should be aware that extrapolation outside this area should be avoided for both correlations discussed below.
Finally, it should be noted that a reference correlation for the viscosity of squalane at 0.1 MPa based on the VFT equation has already been published. 1 To ensure consistency between that correlation and the present one, the data employed in that paper also form part of the primary data set.
In Secs. 3.1 and 3.2, two correlations for the viscosity of squalane are presented, one as a function of density and temperature and the other as a function of temperature and pressure. In order to correlate the viscosity at high densities, the theoretically based scheme of Assael et al. 33 has been employed. This scheme has been adopted as it is based on hard-sphere theory considerations, and it correlates the viscosity as a function of the density and temperature, rather than the pressure and temperature. Assael et al. 33 showed that one can employ a reduced, dimensionless viscosity, η Ã , defined in terms of the viscosity of a dilute gas of hard spheres (η 0 ) of diameter σ, and calculable from experimental quantities as
In Eq. (4) 
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In the original scheme, F η (V r ) denoted a universal reference function for the reduced volume V r ¼ (V m /V 0 ), obtained by employing a large amount of experimental data for dense monatomic gases, with V 0 ¼ N A σ 3 /√2 (m 3 mol À1 ) as a characteristic molar volume dependent only on the temperature. In the original theory, V 0 is the equivalent volume of close-packed hard spheres, with a temperature-dependent diameter to allow modeling of real fluids with soft, repulsive intermolecular potentials. If F η is known, experimental measurements of a particular liquid can be correlated over a wide range of temperatures and pressures, by obtaining V 0 ¼ f (T). This scheme has been successfully applied to nalkanes, 33 aromatic hydrocarbons, 34 and many other fluids. 35, 36 More recently, an attempt has been made to extrapolate this scheme to high-viscosity fluids. 37 However, as the original scheme was developed for lowviscosity fluids, and the recent attempt 37 to extrapolate this to high-viscosity fluids was based on only a few fluids, it could not be applied here. Instead a slightly different approach was preferred, with the function F η being obtained directly from the primary experimental measurements (see Table 5 ) by expressing η Ã as a function of log 10 V m . A horizontal translation of isotherms produces a characteristic quantity V f (m 3 /mol) at a given temperature, allowing scaling onto a single curve. For squalane, this process yields log 10 h Ã ¼ À 23274:3831 À 21623:6741C
where Ψ ¼ log 10 (V m /V f ), and
Equations (4)- (6) form a consistent scheme through which the viscosity can be calculated as a function of the density and the temperature employing Eqs. (1)- (3) for the density.
The primary data given in Table 5 cover a very broad viscosity range from 0.85 to 954 mPa s. This range is too wide to be covered with low uncertainty with a single correlation, and it was found preferable to examine it in two regions. Figures 7-9 show all primary data in the temperature range from 320 to 473 K at pressures up to 200 MPa (the pressure limit imposed by the density correlation) as a function of the density, temperature and pressure; Table 6 summarizes the comparisons of the primary data with the scheme of Eqs. (1)- (6) . The average absolute deviation of the fit is 1.41%, the bias À0.09%, and the expanded uncertainty at the 95% confidence level is just under 3%. Finally, by examining Fig. 7 , it can be seen that our previous reference correlation 1 for the viscosity of squalane with an expanded uncertainty of 1.5%, at 0.1 MPa and in the temperature range from 273 to 373 K, agrees very well with the present correlation. (6) 
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DENSITY AND VISCOSITY OF SQUALANE 013104-7 Figure 10 shows the primary data in the entire temperature range given by the density correlation, that is, from 278 to 473 K. It can be seen that below 320 K the deviations increase to a maximum of 20%. The model does not well accommodate the rapid increase in viscosity at low temperatures, but does perform very well at high temperatures (above around 410 K). Figure 11 shows the percentage deviations of the secondary viscosity data in the temperature range from 278 to 473 K at pressures to 200 MPa, as a function of the temperature from the values calculated from Eqs. (1)-(6).
Viscosity correlation as a function of pressure and temperature
The viscosity data for squalane were also correlated as a function of pressure and temperature by employing a modified VFT equation, which is known to be suitable at high viscosities. 2, 6 This also has eight parameters and employs a third-degree polynomial in pressure as follows: have used very similar equations in the past. In Eq. (7) we use 0.1 MPa as a reference pressure. Thus, when p is also equal to 0.1 MPa this equation reduces to
The VFT form, Eq. (8), has been used by Comuñas et al. 1 in proposing a reference correlation for the viscosity of squalane at 0.1 MPa, but is valid only over the temperature interval 273 to 373 K. In this work, the maximum temperature is extended to 473 K. Instead of using the previously obtained A, B, and C regression parameters, 1 we have performed a new fit for Eq. (7), considering all the primary viscosity data in the 278-473 K interval and up to 200 MPa.
In Table 7 , the parameter values are given to six significant figures in order to not introduce changes in calculated viscosities linked to rounding of the parameters in the calculations. The AAD obtained is 1.69%, the bias is À0.04% and the maximum absolute deviation is 9.1%. The expanded uncertainty at the 95% confidence level is just under 4.75%. Note that for viscosity values at 0.1 MPa with the new A, B, and C values we obtain an AAD of 1.2% and bias 0.48%, close to the previous results. 1 In Sec. 3.1, the density correlation is limited to 200 MPa as there are reliable direct experimental data for the density only below that pressure. Above 200 MPa, when needed, the density can be generally indirectly evaluated (see, for instance, the extrapolation method used by Harris 6 ). In practice, the working equations of most experimental viscosity methods require the density as an input, but fortunately the viscosity value is not very sensitive to the accuracy of the density in most of these methods. For instance, for the falling body method, 2 an uncertainty of 1% in the density (which is a big uncertainty) gives a relative uncertainty of less than 0.2% in the viscosity due to the large difference between the density of the sinker and that of squalane. Nevertheless, the uncertainty in the viscosity is probably larger at high pressures than at low pressures. Consequently, we have limited the viscosity correlation to pressures below 200 MPa as the viscosity values are then linked to reliable direct density measurements. Note that, in theory, the proposed viscosity (T, p) correlation, Eq. (7), could have been applied to pressures higher than 200 MPa because it is independent of the density. For pressures higher than 200 MPa the reader can use the correlation proposed by Comuñas et al.
2 to 350 MPa, though this may be a less accurate correlation, being obtained with a smaller data set (up to 350 MPa) over a smaller temperature interval (below 363.15 K). Figures 12-14 show all the primary data in the temperature range from 278 to 473 K at pressures up to 200 MPa as a function of the density, temperature and pressure. Table 8 summarizes the comparison of the primary data with the scheme of Eq. (7). Finally, by examining Fig. 13 , it can be seen that our previous reference correlation 1 for the viscosity of squalane (which has an expanded uncertainty of 1.5%, at 0.1 MPa and in the temperature range from 273 to 373 K), agrees very well with the present correlation. Figure 15 shows the percentage deviations for the secondary viscosity data in the temperature range from 278 to 473 K at pressures to 200 MPa, as a function of the temperature for the values calculated from Eq. (7). A comparison of Figs. 10 and 13 shows that this model gives a better fit to the data at low temperatures than the AssaelDymond model, Eqs. (4)- (6) , at the cost of a poorer fit at higher temperatures. 
Conclusion
New reference correlations for the density and viscosity of squalane are presented. These correlations are based on critically evaluated experimental data taken from the literature.
In the case of the density, the correlation, employing the Tait equation, is valid from 273 to 473 K at pressures to 200 MPa. At 0.1 MPa, it shows an average absolute deviation of 0.03%, a bias of À0.01%, and an expanded uncertainty (at the 95% confidence level) of 0.06%. Over the whole range of pressure, the density correlation shows an average absolute deviation of 0.05%, a bias of À0.004%, and an expanded uncertainty (at the 95% confidence level) of 0.18%.
The first viscosity correlation expresses the viscosity as a function of density and temperature, and is based on the Assael-Dymond model, Eqs. (4)- (6) . It is slightly superior at higher temperatures, the region of primary interest in applications, but gives a poorer fit at low temperatures when the viscosity is strongly temperature dependent. This correlation covers the temperature range from 320 to 473 K at pressures to 200 MPa, and has an average absolute deviation of 1.41%, a bias of À0.09%, and an expanded uncertainty (at the 95% confidence level) of 3%. Below 320 K, the deviations from the present scheme rise to a maximum of 20%.
The second correlation is based on a modified VogelFulcher-Tammann equation, with the viscosity expressed as a function of pressure and temperature, Eq. (7). It is superior to the first at low temperatures, but inferior at higher temperatures. This correlation covers a broader temperature range from 278 to 473 K at pressures to 200 MPa, and has an average absolute deviation of 1.69%, a bias of À0.04%, and an expanded uncertainty (at the 95% confidence level) of 4.75%.
Finally, Table 9 gives some selected reference values for density and viscosity calculated from Eqs. (1)-(3) (density), and Eqs. (4)-(6) or (7) (viscosity). 
